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ABSTRACT
We have identified a large-scale structure at z ≃ 0.73 in the COSMOS field, coherently described
by the distribution of galaxy photometric redshifts, an ACS weak-lensing convergence map and the
distribution of extended X-ray sources in a mosaic of XMM observations. The main peak seen in these
maps corresponds to a rich cluster with TX = 3.51
+0.60
−0.46 keV and LX = 1.56 ± 0.04 × 10
44 erg s−1
([0.1 − 2.4] keV band). We estimate an X-ray mass within r500 corresponding to M500 ≃ 1.6 × 10
14
M⊙ and a total lensing mass (extrapolated by fitting a NFW profile) MNFW = (6 ± 3) × 10
15M⊙.
We use an automated morphological classification of all galaxies brighter than IAB = 24 over the
structure area to measure the fraction of early-type objects as a function of local projected density Σ10,
based on photometric redshifts derived from ground-based deep multi-band photometry. We recover
a robust morphology-density relation at this redshift, indicating, for comparable local densities, a
smaller fraction of early-type galaxies than today. Interestingly, this difference is less strong at the
highest densities and becomes more severe in intermediate environments. We also find, however,
local “inversions” of the observed global relation, possibly driven by the large-scale environment. In
particular, we find direct correspondence of a large concentration of disk galaxies to (the colder side
of) a possible shock region detected in the X-ray temperature map and surface brightness distribution
of the dominant cluster. We interpret this as potential evidence of shock-induced star formation
in existing galaxy disks, during the ongoing merger between two sub-clusters. Our analysis reveals
the value of combining various measures of the projected mass density to locate distant structures
and their potential for understanding the physical processes at work in the transformation of galaxy
morphologies.
Subject headings: large-scale structure: general — clusters of galaxies: general — galaxies: morphol-
ogy, evolution
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1. INTRODUCTION
The gravitational instability paradigm assumes that
large-scale structure in the Universe evolves in a hierar-
chical fashion, forming larger and larger systems via the
assembly of smaller sub-units. It is natural to think that
the development of this structure should have a signifi-
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cant effect on the properties of galaxies that we observe
today and that a strong correlation between these and
the surrounding environment should be in general ob-
served. One of the most evident correlations of galaxy
properties with the environment in the present-day Uni-
verse is the morphology-density (MD) relation: early-
type galaxies, i.e. E and S0 (spheroidal) gas-poor objects
are preferentially found in dense environments, such as
groups and clusters (Oemler 1974, Dressler 1980, Gio-
vanelli, Haynes & Chincarini 1986). Measurements now
exist also at redshifts up to unity, that show a similar re-
lationship to be already in place at earlier times (Dressler
et al. 1997, Andreon 1998, Smith et al. 2005, Postman
et al. 2005).
Two competing scenarios can explain the MD rela-
tion. On one side, it is tempting to associate its origin
to the build-up of the hierarchical dark-matter skeleton
of the Universe. If mergers played a role in the early
construction of the Hubble sequence, with (some or all)
early-type galaxies plausibly produced from the merg-
ing of gas-rich sub-systems, we would expect the cross-
section for this process to depend strongly on the typi-
cal velocity dispersion of the hosting structure, which in
turn depends on the mass scale of the environment where
the galaxy lives. Equally important effects on the evolu-
tion of the galaxies’ stellar and gaseous components may
also be provided by other environmental effects in rich
clusters, like ram-pressure stripping by the dense intra-
cluster medium (ICM) (e.g. Gunn & Gott 1972, Quilis
et al. 2000), close-encounters (Barnes 1992) and “harass-
ment” via multiple weak encounters (Moore et al. 1996),
or “strangulation” (Larson et al. 1980). This seemingly
natural picture would point to a nurture origin for the
MD relation: that it is the product of one or more evo-
lutionary processes acting on already formed galaxies.
The alternative picture is that morphological properties
might be set early on at galaxy formation, and are due to
the very nature of the object, such as the mass of its host-
ing dark-matter halo. A direct systematic investigation
of these processes at different cosmic epochs has been so
far limited by the relatively small size of the samples for
which HST morphological information is available (e.g.
Smith et al. 2005), and thus by the difficulty to ade-
quately sample the full range of environments.
The Cosmic Evolution Survey (COSMOS), the largest
contiguous survey ever with HST, provides for the first
time a combined data set capable of simultaneously ex-
ploring large-scale structure and detailed galaxy prop-
erties (luminosity, size, color, morphology, nuclear ac-
tivity) out to a redshift approaching z = 1.5. In
this paper, we use deep, panoramic multi-color imaging
from SUBARU Suprime-Cam, extended X-ray imaging
from XMM-Newton and the superb resolution HST data
to characterise an outstanding large-scale structure at
〈z〉 ≃ 0.73 within the COSMOS field and explore in de-
tail the relationship between galaxy morphology and the
environment (local density). In a second, parallel paper
(Cassata et al. 2007), we instead discuss for the same
sample the environmental dependence and morphologi-
cal composition of the galaxy color-magnitude diagram.
Additionally, Capak et al. (2007b) use the full COSMOS
data set to explore the evolution of the MD relation for
z = [0.2, 1.0] over the whole range of environments.
The paper is organised as follows: in § 2 we provide a
brief description of the COSMOS data sets used in this
work; in § 3 we discuss the properties of the large-scale
structure, in terms of galaxy surface density, weak lensing
projected mass distribution and X-ray surface brightness;
here we study in particular the lensing and X-ray prop-
erties of dominant cluster of galaxies in the structure;
in § 4 we introduce our estimates of galaxy morphology,
presenting the measurement of the MD relation; in § 5
we show how galaxy morphologies are affected by large-
scale features detected in the intra-cluster medium of the
dominant cluster; finally, we summarise our results in § 6.
We adopt throughout the paper a cosmological model
with ΩM = 0.3, ΩΛ = 0.7 and, in general, parameterise
explicitly the Hubble constant as h=Ho/100 when quot-
ing linear quantities, densities and volumes. When com-
puting absolute magnitudes and X-ray luminosities we
specialize it to h = 0.7.
2. THE DATA
The COSMOS project is centred upon a complete sur-
vey in the near-infrared F814W (∼ I + z) band us-
ing the Advanced Camera for Surveys (ACS) on board
HST of a 1.7 square-degree equatorial field (α(J2000) =
10h 00m 28.6s, δ(J2000) = +02◦ 12′ 21.0′′, Scoville et al.
2007). With an ACS field of view of 203 arcsec on a side,
this required a mosaic of 575 tiles, corresponding to one
orbit each, split into 4 exposures of 507 seconds dithered
in a 4-point line pattern. The final 575 “MultiDrizzled”
(Koekemoer et al. 2002) images have absolute astromet-
ric accuracy of better than 0.1 arcsec. A version with
0.05 arcsecond pixels was used to measure the morphol-
ogy of galaxies in the structure; a more finely sampled
version with 0.03 arcsecond pixels was required to mea-
sure the shapes of more distant galaxies behind the clus-
ter, which are needed for the weak lensing analysis. More
details and a full description of the ACS data processing
are provided in Koekemoer et al. (2007).
The COSMOS field is also the target of further ob-
servations in several regions of the electromagnetic spec-
trum (see Scoville et al. 2007 for an overview). Ex-
tensive ground-based imaging has been performed using
Suprime-Cam (Kaifu et al. 2000) on the 8.2 m Sub-
aru Telescope on Mauna Kea, in six bands, Bj , g
+, Vj ,
r+, i+, and z+, with a 5σ sensititivity in AB magni-
tudes corresponding to 27.3, 26.6,27.0,26.8, 26.2, 25.2,
respectively (Taniguchi et al. 2007, Capak et al. 2007a).
These data were complemented with further imaging in
u⋆ i⋆ and Ks from CFHT-Megacam, KPNO and CTIO
respectively. The resulting global photometric catalogue
contains around 796,000 objects to IAB = 26. More de-
tails on the observations and data reduction are given
in Taniguchi et al. (2007), Capak et al. (2007a) and
Mobasher et al. (2007).
Photometric redshifts were derived using a Bayesian
Photometric Redshift method (BPZ) (Benitez 2000;
Mobasher et al. 2007), which uses six basic SED types,
together with a loose prior distribution for galaxy magni-
tudes. The output of the code includes, in addition to the
best estimate of the redshift, the 68 and 95% confidence
intervals, the galaxy SED type and stellar mass and its
absolute magnitude in several bands. The latter is par-
ticularly important for the current analysis, where the
morphology-density relation has been studied for differ-
ent luminosity thresholds. Based on nearly 1200 objects
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Fig. 1.— Galaxy distribution over the region of the COSMOS field containing the large-scale structure at 〈z〉 = 0.73, showing all galaxies
with MV < −20.27 and photometric redshift within ∆z = ±0.12. The size of the circles is proportional to the measured value of the
(background corrected) local surface density Σ10 at the object’s position, while the contours give the loci of constant value for the same
quantity, in units of h2 Mpc−2, after smoothing with a s × 3 boxcar. As explained in the text, Σ10 is background-subtracted and only
galaxies over a mosaic of 30 HST tiles are used in this paper (note missing galaxies in corners). Negative contours near the corners are
an artifact due to this. Note how also some galaxies not residing in the highest large-scale peaks, can experiment relatively high values of
local density. This picture corresponds at z = 0.73 to a comoving area of 12.7× 9.5 h−2 Mpc2. The box identifies the richer cluster in the
structure.
for which spectroscopic observations are available (not
considering catastrophic failures), the difference between
spectroscopic and photometric redshifts has a typical rms
value σz/(1 + z) ≃ 0.03. This figure is consistent with
the restricted statistical sample of spectroscopic redshifts
available within the large-scale structure at 〈z〉 = 0.73
studied here (§ 3.1). To further improve on this, for the
present analysis we restrict the photometric redshift sam-
ple to IAB < 24, corresponding roughly, at the structure
mean redshift and for a mean SED type, to an absolute
magnitudeMV > −18.5 in the adopted cosmology. More
details on the quality of the photometric redshifts can be
found in Mobasher et al. (2007).
Relevant for the present work is the extensive X-
ray survey that is nearing completion using the XMM-
Newton satellite, for a total granted time of 1.4 Msec
(Hasinger et al. 2007, Cappelluti et al. 2007). The mo-
saiced data used in this paper correspond to the first 0.8
Msec, providing a median 40 ksec effective depth, tak-
ing vignetting into account. This in turn results in a
typical flux limit for extended sources of ∼ 2 × 10−15
erg s−1 cm−2, an unprecedented value for a survey this
size. A first catalogue of X-ray selected clusters in the
COSMOS field is also being presented in this same vol-
ume (Finoguenov et al. 2007). A full description of the
the XMM observations can be found in Hasinger et al.
(2007).
In this paper we present a pilot study that concentrates
on a small subset of the COSMOS data, covering an area
of about 22′ in Right Ascension and 19′ in Declination.
This corresponds to 30 ACS tiles and is covered by all the
multi-wavelength data sets described above. For several
of our computations (as e.g. to estimate the overall mean
galaxy background), we shall also make use of the full
COSMOS catalogue over the entire ∼ 2 square degrees.
3. A LARGE-SCALE STRUCTURE AT Z=0.73 IN THE
COSMOS FIELD
A search for large-scale structures within the COSMOS
field based on adaptive-smoothing within photometric
redshift “slices”, finds – among a number of structures
found at different redshifts – one conspicuous peak in the
redshift interval z = [0.65, 0.85] (Scoville et al. 2007c).
As we shall show in the following sections, the overall
structure is evident in both a weak-lensing analysis of
the whole COSMOS field (Massey et al. 2007) and in
the distribution of X-ray emission from the XMM mo-
saic (Finoguenov et al. 2007). Specifically, the strongest
peak in the lensing map is also one of the most prominent
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Fig. 2.— A zoom on the cluster of galaxies dominating our
〈z〉 = 0.73 large-scale structure, corresponding to the box of Fig-
ure 1. Here a sub-region of the SUBARU z-band image is shown,
with superimposed the positions of detected galaxies in the cata-
logue (open circles). To enhance the structure definition on this
more restricted area, these correspond to a slightly broader range
in absolute magnitudes than those in Figure 1, i.e. MV < −20.
Note the “filament” of galaxies running from S-E to N-W (with a
“wiggle” corresponding to the central cluster), with galaxy concen-
trations corresponding to X-ray blobs in the X-ray map (Figure 7).
extended X-ray sources in the COSMOS field (Massey
et al. 2007). In the following sections, we shall probe
the reliability of these different observations in locating
structures and characterize the environment and its cor-
relation to galaxy morphologies.
3.1. Large-scale structure from galaxy counts
Scoville et al. (2007c) use an adaptive kernel technique
to map the surface density of galaxies in intervals of pho-
tometric redshift. Here, we aim at using an estimate of
local density that would allow us to study, in particular,
the morphology-density relation within the structure and
compare that consistently with previous measurements.
Following Dressler (1980) and similar works in the liter-
ature, we have thus computed the Σ10 estimator
Σ10 =
10
πd210
, (1)
where d10 is the projected distance in h
−1 Mpc (com-
puted from the angular separation using the galaxy corre-
sponding angular diameter distance) to the 10-th nearest
neighbour. This is an adaptive estimate of density, with
the major advantage over a fixed aperture measurement
of avoiding being dominated by shot noise in low-density
regions.
Dressler’s original work was limited to fairly luminous
galaxies within rich Abell clusters, i.e. well-defined, lo-
cal structures of high contrast where the two-dimensional
over-density signal produced by cluster galaxies strongly
dominates over the background. The estimator Σ10 is
thus in this case a fairly direct (projected) probe of
the 3D density around the selected galaxy, with negli-
gible contribution from the background/foreground ob-
jects. When the same definition is applied to the gen-
eral “field”, it is necessary to specify a typical depth
over which the integration is performed, as to remain a
meaningful proxy for the true 3D environment. A sensi-
ble choice is a size of the order of the galaxy correlation
length or the typical group/cluster velocity dispersion
(ro ∼ σv/Ho ∼ 5− 10 h
−1Mpc). The ten nearest neigh-
bours around each galaxy are then counted within such a
redshift cylinder and used to estimate Σ10. This kind of
approach has been used at high redshift by Smith et al.
(2005), who extend their study also out of rich clusters.
The problem is further exacerbated when only photo-
metric redshifts are available. With typical errors of the
order of 0.05(1 + z) in redshift (corresponding to mov-
ing a galaxy along the line of sight by ∼ 100 h−1Mpc or
more), the choice of the redshift interval over which inte-
grating galaxy counts becomes crucial. This is essentially
a compromise between a range large enough to recover all
true companions scattered along the line of sight by the
redshifts errors (completeness) and small enough to min-
imize fake projections (contamination). The situation in
our case, with a sample centred on a well-defined main
structure located at z ∼ 0.73, is slightly simplified with
respect to a more general case of estimating local den-
sity for galaxies within a generic redshift slice (Cooper
et al. 2005). Following similar work in the literature
(e.g. Kodama et al. 2001; Smith et al. 2005; Post-
man et al. 2005), we looked first at the dispersion in the
differences between spectroscopic and photometric red-
shifts. The overall standard deviation in the COSMOS
photometric redshift catalogue, based on the larger set of
∼ 1000 spectroscopic redshifts from the first runs of the
zCOSMOS redshift survey (not covering this area yet)
is σz ≃ 0.03(1 + z) (Mobasher et al. 2007, Lilly et al.
2007). In addition, VLT-FORS1 spectroscopy of 15 red
galaxies around the central cluster of this structure (Co-
mastri, private comm.), give a comparable value for this
redshift, σz = 0.056, with a median redshift for the clus-
ter of z = 0.7318. In the following, we shall assume that
the bulk of our structure within the 22′× 19′ area under
study, lies at the mean redshift 〈z〉 = 0.73. This assump-
tion is fully justified by the distribution of photometric
redshifts and allows us to simplify our computations.
On the basis of these indications, we use the simple ap-
proach of selecting a single slice centered at z=0.73 (sim-
ilar to Kodama et al. 2001) and with appropriate thick-
ness, and then correct statistically the measured Σ10 of
each galaxy for the background contamination. We ob-
tain a first estimate the robustness of the method and of
the most appropriate thickness to be chosen for the red-
shift slice, by exploring three different sizes, δz = ±0.06,
0.12, 0.18 corresponding to ±1, 2 and 3σz ’s (note that
these values comfortably include the velocity dispersion
of any known system, being this about 20 times smaller
than the redshift errors). Additionally, in Appendix A
we present a more direct test of how well we are able to
recover the true density, given the photometric redshift
errors, based on the analysis of realistic mock samples
of the COSMOS survey constructed from the Millen-
nium Simulation (Kitzbichler & White 2006). A more
sophisticated approach to measure local densities from
the photometric sample has been adopted in our parallel
work on the evolution of the morphology–density rela-
tion from COSMOS (Capak et al. 2007b); in that paper,
we use a moving ±δz cylinder centred at the redshift of
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Fig. 3.— Relative sensitivity of the lensing and X-ray analyses
to a fixed mass as a function of redshift, with arbitrary normaliza-
tion. Also shown is the redshift distribution of galaxies from which
shears were measured, throughout the COSMOS field. All of the
peaks below z = 1.2 (including that at z = 0.73), correspond to
real structures; the field is small enough to be subject to sample
variance. Above that, photometric redshift degeneracies due to the
finite number of available colors cause estimates to accumulate at
discrete redshifts.
each galaxy (as in Smith et al., 2005), and describe each
galaxy not as a Dirac delta function in redshift space,
but as a broader probability distribution corresponding
to its specific photometric redshift likelihood function.
As shown by our tests, the simpler approach adopted
here is more than adequate for the specific geometry of
our sample, producing results fully consistent with Ca-
pak et al. (2007b).
One further source of uncertainty is related to the back-
ground correction to the measured density. In principle,
with a sufficiently thin slice and spectroscopic redshifts,
one might reasonably assume that, outside filaments and
clusters, the density of galaxies is practically zero, i.e.
that no background correction is needed. In the case
of photometric redshifts, however, where a much thicker
slice has to be used, a number of background and fore-
ground galaxies not belonging to the inner structure will
be included, shifting the background surface density to
a non-zero value. We assume that this term is dominant
and estimate the background correction as the median
value of Σ10 over the full COSMOS 2 square degrees, in
the corresponding redshift slice. As shown in the Ap-
pendix, this correction works very well and corrects for
the bias in Σ10 that would tend to systematically over-
estimate local densities.
Finally, another choice needed to make Σ10 fully con-
sistent with previous works, is that of the range of ab-
solute magnitudes to include in the computation. In
the original Dressler (1980) paper, the limit was set to
MV = −20.4, using Ho = 50. Considering a brighten-
ing of the luminosity function of 0.6 mag to z = 0.73
(e.g. Zucca et al. 2006), which is comparable to values
adopted in Smith et al. (2005) or Treu et al. (2003),
and converting to h = 0.7, this corresponds to a value
MV < −20.27 for our data. We note that there is little
agreement in the literature on the appropriate amount
of brightening to be applied. Part of the difficulty arises
because the actual average brightening depends signif-
icantly on the relative contributions of different spec-
tral types: the luminosity function of late-type galaxies
evolves more rapidly than that of early types, as shown
by the VVDS survey results (Zucca et al. 2006). As we
shall show in § 4.1, the resulting MD relation does not
depend significantly on either the choice of the redshift
interval or a brightening between 0 and 1 magnitudes.
In Figure 1, we plot contours of constant projected
density Σ10, as measured from the 0.61 < zphot < 0.85
slice. Luminous galaxies (MV < −20.27) with photomet-
ric redshifts in the same interval are indicated by circles,
with symbol sizes proportional to the value of local den-
sity. We remind that this analysis uses only 30 ACS tiles,
out of the whole 575 COSMOS-ACS images. These tiles
cover an inclined rectangle over this area, as indicated by
the lack of objects in the corners of the figure. At least
six galaxy concentrations of different strength are evident
in this figure, some of which aligned along filaments. A
zoom over the most prominent density peak is displayed
in Figure 2. Galaxy positions for the luminous galaxies
are over-plotted on a section of the z+-band Subaru im-
age. Note the “S”-shaped filament of galaxies seemingly
running SE - NW, with a sharp bend near the center.
3.2. Large-scale structure from weak lensing
The observed shapes of background galaxies are
slightly distorted as light from them is deflected around
the gravitational field of foreground structures. The high
resolution HST coverage of the COSMOS survey allows
us to measure these distortions and to reconstruct the
weak lensing “shear field” with unprecendented preci-
sion. To reconstruct the distribution of mass in this field,
we first measured the shapes of galaxies using the “RRG”
algorithm by Rhodes, Refregier & Groth (2000). The
specific application of this method to the COSMOS data
is fully described in Leauthaud et al. (2007) and Massey
et al. (2007). The galaxy shapes were then corrected for
the effects of instrumental Point-Spread Function (PSF)
convolution using the PSF models described in Rhodes
et al. (2007).
Photometric redshifts fromMobasher et al. (2007) were
used to identify 37.6 galaxies per square arcminute be-
hind the cluster, with a mean (median) photometric red-
shift of 1.50 (1.25). Reaching this number density for
such a high-redshift structure required a slight reduc-
tion in the size and magnitude thresholds used for the
analysis of the entire COSMOS field by Massey et al.
(2007). This is possible with a minimum impact in sig-
nal to noise because of the strong signal in this region.
However, we have increased the estimate of noise due
to possible shear calibration error to 12% to include the
additional uncertainty in the shapes of very faint galax-
ies. The shear calibration error represents uncertainty
in a shear measurement method’s ability to deconvolve
the shapes of faint galaxies from the instrumental PSF
and to accurately measure their ellipticities. The accu-
racy of our shear measurement method has been esti-
mated using simulated images that resemble COSMOS
data but which contain a known shear signal. In fact, as
popularised by the Shear TEsting Programme (STEP;
Heymans et al. 2006; Massey et al. 2007b), shear mea-
surement errors can actually be parameterized as two
numbers: the shear calibration error m (multiplicative
error), and the residual shear offset c (additive error),
although in the cluster lensing regime, where the signal
is large, the latter source of error is negligible. Both are
estimated and tabulated in the parallel paper by Leau-
thaud et al. (2007).
The observed shear field from the entire COSMOS field
was transformed into a convergence κ map using the
method of Kaiser & Squires (1993), filtered by a Gaus-
sian of rms width 100′′. The convergence field is related
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Fig. 4.— Overview of the large-scale structure at 〈z〉 = 0.73, as seen in the SNR map of the weak-lensing projected mass reconstruction
(contours, Massey et al. 2007), X-ray surface brightness (gray scale background, Finoguenov et al. 2007), and distribution of galaxy
morphological types. Weak-lensing contours describe positive 2σ, 3σ, 4σ and 5σ levels of signal to noise in the convergence field κ of the
lens (cf. Hamana, Takada & Yoshida 2004), while the X-ray grey-scale levels starts at 1σ over the background and are spaced by 1σ. Only
galaxies brighter than Dressler’s limit (MV < −20.27 at this redshift, for h=0.7) are plotted, with early-type galaxies indicated by red
circles and late-type galaxies by blue asterisks. Contour and grey-scale levels are spaced in terms of rms values over the background.
to the Newtonian gravitational potential Φ as
κ ≡
1
2
(
∂2Ψ
∂x2
+
∂2Ψ
∂y2
)
, (2)
where
Ψij =
∫
g(z)∂i∂jΦ dz , (3)
∂i is the comoving derivative perpendicular to the line of
sight and g(z) is the radial sensitivity function
g(z) ≡ 2
∫ ∞
z
η(z)
DA(z)DA(z
′ − z)
DA(z′)
a−1(z) dz′ . (4)
In this expression, a(z) is the cosmological scale factor,
DA’s are angular diameter distances and η(z) is the dis-
tribution of background source galaxies, normalised such
that
∫ χh
0
η(χ) dχ = 1 . (5)
As shown in Figure 3, in our analysis g(z) peaks between
z = 0.3 and z = 0.8. Lensing is less sensitive to structure
closer or more distant than this.
In Figure 4, we have plotted the contours of constant
SNR in the reconstructed projected mass distribution
over our study field (see § 4 for more discussion and com-
parison to the galaxy and X-ray distributions). Figure 5,
instead, shows a zoom on the strongest peak, centred
at RA=149.922, DEC=2.515, and coinciding with the
dominant cluster of galaxies within the structure already
shown in Figure 2 (cf. box in Figure 1).
It is of interest to estimate the mass of this cluster. To
this end, we first need to fix the geometry of the lens.
We assume that all of the foreground mass lies at z =
0.73 and that the background galaxies lie at exactly the
redshifts indicated by their photo-z estimates. We then
first apply the mass aperture statistic Map of Schneider
et al. (1998)
Map(θ) ≡
∫
θ
κ
(
~ϑ
)
U
(
|~ϑ|; θ
)
d2~ϑ , (6)
which calculates the value of the surface mass inside the
radius θ on the sky, convolved with a compensated filter
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Fig. 5.— Zoom of the mass reconstruction contours from the
E-modes of the weak lensing shear, over the same area shown in
Figure 2. Again, the contours show 2-, 3-, 4- and 5σ levels of signal
to noise in the convergence field. None of these are visible in the B-
mode signal in this region. If all of the mass lies in a single redshift
plane, convergence is proportional to mass. Note the comments in
the text about projection effects and the sensitivity of lensing to a
broad range of redshifts, but not the same redshifts as optical or
x-ray data. The image underneath is again the SUBARU z-band
image.
U(ϑ; θ) ≡
9
πθ2
(
1− x2
)(1
3
− x2
)
H(θ − ϑ) , (7)
where x = ϑ/θ and H is the Heaviside step function (see
Clowe et al. 2006, for a similar application). Using a
θ = 100′′ window, we find
Map(100
′′)= (1.10± 0.16 +0.09−0.13 ± 0.13)× 10
14M⊙ (8)
= (1.10 +0.22−0.24)× 10
14M⊙ , (9)
where the three sets of 1σ error bars in equation (8) re-
spectively correspond to statistical noise in galaxy shape
measurement, including their intrinsic ellipticities; back-
ground and foreground redshift uncertainty; and shear
calibration uncertainty. These have been combined in
quadrature in equation (9).
The Map statistic allows us to assess the significance
of our measurements: gravitational lensing by a single
cluster produces a shear field that is aligned tangentially
around the mass overdensity (a void would produce a
radial shear field). An independent component of the
shear field can be separated: by analogy with electromag-
netism, this is known as a “curl” or B-mode, and can be
measured by rotating galaxies by 45◦ in advance. Since
it is unphysical, it is expected to be zero in the absence
of systematics, and provides a good estimate of both sys-
tematics plus statistical errors. Around this cluster, we
measure the B-mode equivalent of Map to be
M⊥(100
′′)= (1.99± 1.55 +0.15−0.23 ± 0.24)× 10
13M⊙(10)
= (1.99 +1.58−1.59)× 10
13M⊙ , (11)
where the error bars are the same as before. That this is
an order of magnitude below the mass signal confirms
Fig. 6.— Constraints on the total mass and the Concentration
parameter of the extended dark-matter halo in the dominant clus-
ter, obtained by fitting a circular NFW profile to the weak lensing
shear in radial bins from the center. The solid, dashed and dot-
ted lines show 68%, 95% and 99% confidence limits respectively.
Note that there is much more mass at this location than that sug-
gested by either the X-ray peaks or the lensing aperture mass in a
corresponding region.
that systematic effects have been successfully purged
from the lensing analysis.
However, as evident from Fig. 1 the cluster is in a com-
plex large-scale environment, shows significant substruc-
ture in the process of merging, and is at the nexus of
several filaments (see also Scoville et al. 2007, Massey et
al. in preparation). To estimate the total mass from its
extended dark matter halo, we have then fitted a circu-
larly symmetric NFW profile (Navarro, Frenk & White
1997) to the radial shear field, using the technique of
King & Schneider (2001). As shown in figure 6, this
finds a much larger mass. The best-fitting model has
MNFW = (6 ± 3) × 10
15M⊙. As we shall show in the
next section, this cluster is also one of the most promi-
nent extended X-ray sources in the COSMOS field.
3.3. Large-scale structure from X-rays
The grey-scale levels in Figure 4 shows the distribution
of X-ray surface brightness (in units of standard devia-
tions from the background) over the area under study,
obtained from the reduced XMM mosaic described in
Hasinger et al. (2007) and Finoguenov et al. (2007). Fig-
ure 7 shows a more detailed zoom over the same cluster
sub-area of Figures 2 and 5. The galaxy cluster emerges
as a powerful extended X-ray source, with an observed
flux in the [0.5− 2.0] keV band of 4.56± 0.13× 10−14 erg
cm−2 s−1, corresponding at z = 0.73 to an X-ray lumi-
nosity (in the [0.1− 2.4] keV band) of 1.56± 0.04× 1044
erg s−1 (Finoguenov et al. 2007).
In addition to the central cluster, a number of fainter
sources are detected. Comparison to Figure 2 clearly
shows some of them obviously coinciding with galaxy
concentrations. Despite the different selection functions,
the structure seen in the galaxy distribution and in the
lensing and X-ray maps is remarkably similar. Note in
particular the extension toward South-East in the lens-
ing map, coinciding with the secondary galaxy condensa-
tion along the “S”-shaped filament and with an extended
source in X-rays.
Combining these complementary data sets allows us to
start building up a coherent picture of large-scale struc-
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Fig. 7.— Contours of constant X-ray surface brightness in the
[0.5-2.0] keV band from XMM (smoothed with a 20 arcsec box-
car filter), corresponding to 1-,2-,3-,4- and 5-σ levels above the
background, superimposed on the SUBARU z-band image. The
X-ray data are a combination of the background-corrected/flat-
fielded MOS and PN images (see Finoguenov et al. 2007). The
area is the same as in Figure 2. Note the large extended source in
the center, corresponding to the strongest concentration of galax-
ies in the photometric redshift slice and the strongest peak in the
lensing convergence maps. Despite the different resolution in the
lensing and X-ray maps, the match between these two and with
the galaxy distribution is remarkable.
2
4
5
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6
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Fig. 8.— Schematic map of the 7 regions, described in Table 1,
into which the X-ray emission from the cluster of Figure 7 has been
sub-divided, to estimate the distribution of X-ray temperatures.
The contours of X-ray surface brigthness are repeated here to ease
comparison to previous figures.
ture in this region, which appears to be dynamically
very active. For example, looking at the X-ray map of
Figure 7, one notices a clear asymmetry in the surface
brightness distribution of the central cluster, which also
shows some significant (at XMM resolution) substruc-
ture. The main feature is a significantly steeper gradient
in surface brightness toward North-East, with respect to
a looser profile in the opposite direction, possibly sug-
TABLE 1
Cluster X-ray temperature measurements
zone kT (keV) Notes
1 2.39+0.95−0.49 cluster outskirts
2 3.51+0.60−0.46 cluster global ICM
3 10.30+6.14−3.18 possible shock region / point source?
4 3.49+0.96−0.63 cluster core
5 2.39+0.64−0.37 sub-structure
6 2.50+0.80−0.51 “infalling” group
7 2.85+1.02−0.80 intermediate region 6 - 1
gesting the presence of a shock front. This edge coin-
cides also with the sharp bend visible in the “S”-shaped
galaxy filament of Figure 2, another indication that it
might correspond to the main interface of an ongoing
major merging event between two sub-structures along
the SW-NE direction.
The depth of the XMM observations allows us to look
for the fingerprint of a shock, by studying in some de-
tail the X-ray temperature map over the cluster area,
and in particular near the NE rim. We have thus di-
vided the area into seven regions, estimating for each of
them the X-ray temperature. This has been performed
by fitting an emission spectrum from collisionally-ionized
diffuse gas, computed using the APEC code (v1.3.1., see
http://hea-www.harvard.edu/APEC/ for more informa-
tion). The location and numbering of each region is re-
ported in the sketchy map of Figure 8, and the corre-
sponding meaning and resulting temperature measure-
ments are reported in Table 1.
The cluster ICM is found to have a global X-ray tem-
perature (integrated over a radius r500 = 1.4 arcmin, cor-
responding to 0.43 h−1 Mpc) of kTX = 3.51
+0.60
−0.46 keV.
Using the relation derived by Pacaud (private comm.)
from the data of Finoguenov et al. (2001)
M500 = 2.36× 10
13M⊙ × T
1.89
X E(z)
−1 , (12)
where E(z) is the usual cosmological function specialized
to our cosmology, we obtain a mass M500 = 1.69
+0.58
−0.38 ×
1014M⊙. Alternatively, using the M − TX relation from
Vikhlinin et al. 2006, and accounting for evolution in the
scaling relations as in Kotov & Vikhlinin (2005), we ob-
tainM500 = 1.57
+0.43
−0.30×10
14M⊙. The difference between
these two estimates is well within the intrinsic uncertain-
ties.
Most interestingly, the measurements show a temper-
ature jump corresponding to the “edge” seen in the
surface brightness (region 3): in this region we have
kTX = 10.30
+6.14
−3.18 keV. This is a strong indication of the
presence of a shock front in this area19, as speculated
from the X-ray surface brightness alone. A residual un-
certainty on this interpretation is related to the tentative
presence of a point-source within region 3, which if con-
firmed would pollute our spectral estimate of the tem-
19 Note that given the strongly non-Gaussian form of the proba-
bility distribution around this value, this formally large 1σ error –
due to the limited number of counts available from such a restricted
area – corresponds in fact to a significant deviation (> 99.73% con-
fidence, i.e. > 4σ) of the value of TX with respect to the overall
cluster ICM
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perature. However, an hardness-ratio map also shows
that the NE side of the cluster core is systematically
hotter than the SW one, on a scale significantly larger
than the size of a point source. Finally, we note that
the observed factor of 1.5± 0.3 overestimate in our mass
measurements based on X-ray scaling relations is consis-
tent with being a consequence of the hotter core of the
cluster (that moves the cluster off the scaling relation),
caused by the observed merging event. In the not too dis-
tant future, it will be possible to study this system with
much more spatial detail, benefiting of the forthcoming
Chandra observations of the COSMOS field.
4. GALAXY MORPHOLOGY VS. ENVIRONMENT AT
Z ∼ 0.7
Having characterised in some detail the large-scale dis-
tribution of galaxies and mass within this particular sub-
region at z ≃ 0.73, we turn now to exploring the connec-
tion of galaxy morphologies to the large-scale environ-
ment. Figure 4 summarises and compares the informa-
tion gathered so far. As already mentioned, this figure
shows a remarkable coincidence of the contours in the
surface mass (convergenge) map from lensing with the
diffuse X-ray emission. This is even more impressive if
we consider that the lensing reconstruction shows mass
integrated over a broad redshift range, with a different
sensitivity function to theX-ray and galaxy density anal-
yses (see Figure 3). Due to projection, therefore, one ex-
pects some real structure in the lensing map that does
not appear in the other analyses, and vice versa. This
makes the coincidence of the strongest galaxy concentra-
tions with the peaks in the X-ray emission and in the
lensing mass distribution even more fascinating. In ad-
dition to the structures within our study field, note also
the two strong X-ray/lensing blobs partly entering at the
top and bottom of the figure, which are found to be fore-
ground clusters, with mean photometric redshift of 0.35
and 0.22 respectively (Finoguenov et al. 2007).
Finally, in this figure we have also indicated galaxy
morphological types, estimated from the ACS data as
detailed in the following section. The distribution of
early-type (red circles) and late-type galaxies (blue as-
terisks) provides an immediate qualitative evidence for a
significant morphology-density relation within this struc-
ture.
4.1. The morphology-density relation at 〈z〉 = 0.73
In the parallel paper by Cassata et al. (2007),
we have measured automatically non-parametric galaxy
morphologies for all galaxies in the COSMOS field. In
brief, morphologies have been characterized on the basis
of the so-called Concentration, Asymmetry, Clumpiness,
M20 and Gini Index (see Cassata et al. 2007 for details
and references) and the sample has been split into two
broad morphological classes: early- and late-type galax-
ies. Cassata et al. (2005, 2007) show that it is possible
to define a precise region in the space of these 5 parame-
ters, to perform this accurately, with high completeness
and little contamination with respect to a visual classi-
fication. Stars were removed using SExtractor according
to their CLASS-STAR and FLUX-BEST parameters re-
computed on the ACS data, where this method proves
to be reliable, much more than on ground-based images.
Using this combined data set, we shall explore here in
Fig. 9.— The morphology-density relation at 〈z〉 = 0.73 as mea-
sured over the whole area of Figure 4 and for three different thick-
nesses of the redshift slice. The curves give the fraction of early-
type galaxies as a function of local density Σ10, including only
galaxies brighter than MV = −20.27 as to correspond the value
adopted by Dressler (1980) at z = 0. The consistency of the three
estimates indicates that the recovered relationship is robust with
respect to the choice of the slice.
Fig. 10.— Comparison of our estimate of the morphology-density
relation at 〈z〉 = 0.73 (filled points), with previous measurements
at different redshifts. Error bars include also the scatter among
the three test slices, as an attempt to account for systematic un-
certainties due to the use of photometric redshifts. A posteriori
comparison to the results of the simulations of Appendix A in-
dicate that they are realistic, and that the error on the galaxy
fraction is dominated by our uncertainty on the measured density
below log(Σ10) ∼ 1.5 and by the number of galaxies in each bin
above this density.
detail the behaviour of the MD relation within the red-
shift slice including this large-scale structure. With only
few spectroscopic redshifts available over the full area,
working on a structure well-confined in redshift space
(while still spanning a significant range of over-densities)
allows us to be reasonably confident that redshift errors
have a negligible impact on our conclusions. In addi-
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tion to the experiments with mock samples discussed in
the Appendix, we will test the robustness of our con-
clusions explicitly by varying the size of the sample and
its limiting luminosity. In this analysis we shall concen-
trate on the overall MD relation observed at this redshift,
its dependence on galaxy luminosity and in particular
to its possible relation with large-scale structure as de-
scribed by X-ray emission. This study is complemented
by the work of Cassata et al. (2007), who explore in
detail the morphological composition and environmen-
tal dependence of the color-magnitude relation for galax-
ies within this same structure, and that of Capak et al.
(2007b), who investigate the global evolution of the MD
relation out to z ∼ 1.2 using the whole COSMOS field
data.
The MD relation, i.e. the fraction of early-type galax-
ies as a function of Σ10 for our 〈z〉 = 0.73 sample, com-
puted within each of the three redshift slices defined in
§ 3.1 and for MV < −20.27 is shown in Figure 9. As
discussed, the surface density Σ10 has been normalised
within the three different redshift slices, by subtracting
the median background value estimated over the whole
COSMOS 2-square-degrees field. Error bars are here sim-
ply the Poisson’s errors on the number of objects in each
bin. However, the scatter among the three estimates is
comparable to the the variance one obtains by propagat-
ing the ensemble errors obtained from the simulations in
the Appendix. These errors on the derived density can
move galaxies horizontally among the bins, but have a
significant effect only at the lowest densities (Σ10 < 10
gal h2 Mpc−2). Note also that the background correction
for the three slices ranges between 20 and 40 h2 Mpc−2,
and it is shown to be crucial to reduce the bias intro-
duced by the photo-z errors below log(Σ10) ∼ 1.5 where
the uncertainties become dominant. Overall, however,
the result is remarkably stable, with the three curves be-
ing very consistent with each other. This reassures us
that the measurement is not strongly dependent on the
size of the redshift slice chosen, neither does it depend
on the details of the background correction. In the fol-
lowing, therefore, we shall use only the intermediate-size
slice (∆z = ±0.12) as our reference sample. The cor-
responding background correction in this case is of 28
galaxies h2 Mpc−2 (at MV < −20.27).
In Figure 10 we compare our measurement at 〈z〉 =
0.73 to results at different redshifts from the literature.
Our last density bin is centred on log(Σ10) = 2.6 and
includes objects up to log(Σ10) = 2.8, i.e. ∼ 630 galaxies
h2 Mpc−2. With respect to other studies centred exclu-
sively on rich clusters (e.g. Dressler 1980, Dressler et
al. 1997, Postman et al. 2005), we sample less well the
∼ 1000 Mpc−2 regime, but have a fairly good signal in
intermediate-density regions. This is indeed expected,
looking at the density map of Figure 1. Overall, our
measurement at 〈z〉 = 0.73 is steeper than the local esti-
mate (note that the abscissa scale is linear): the fraction
of early-type galaxies within this structure at 〈z〉 = 0.73
goes from about half of that observed at z ∼ 0 at low den-
sities (log(Σ10) ∼ 1.7), to ∼ 75% of the local value in the
highest density regime. In other words, comparing sim-
ilar environments at the current epoch and at z ∼ 0.73
we find a smaller percentage of early-type galaxies, with
this difference being more severe in the lowest density
regime. Interestingly, Benson et al. (2001, cf. their
Figure 6), find a similar behaviour within their N-body
plus semi-analytical simulations. In Figure 10, the agree-
ment of our result with other high-redshift measurements
(Smith et al. 2004, Postman et al. 2005) is very good
for high densities, log(Σ10) > 2, while we seem to find a
steeper relation at low densities. Smith et al. (2004) in
particular, who also use photometric redshifts, seem to
have in general a flatter MD relation.
This result is also in good agreement, again for den-
sitites larger than log(Σ10) ∼ 1.5, with the parallel MD
analysis of the whole COSMOS field using totally inde-
pendent estimators of galaxy morphology and local den-
sity (cf. Capak et al. 2007b, Figure 6). Additionally,
the approach adopted here is more sensitive to high den-
sities, nicely extending the Capak et al. measurement
for 0.6 < z < 0.8 to densities 100 < Σ10 < 630 Mpc
−2.
Conversely, with respect to that measurement our esti-
mated fraction of early-type galaxies tends to be low for
densities below log(Σ10) ∼ 1.5, either indicating a poor
sampling of low-density environments in our region (as it
is indeed the case, being the sample deliberately centered
on a known structure), or being related to our limits in
estimating accurate local densities in these regimes.
4.2. Dependence of the morphology-density relation on
galaxy luminosity
A quite general prediction of semi-analytical models of
galaxy formation is that the MD relation should show a
dependence on luminosity (e.g. Benson et al. 2001). Fig-
ure 11 replicates Figure 4 but now plotting only galaxies
fainter than Dressler’s limit, i.e. −20.27 < MV < −18.5,
where the fainter limit corresponds approximately to our
apparent magnitude cut (IAB < 24) at z = 0.73. Com-
paring the two figures we clearly see that the MD re-
lation is much stronger for luminous galaxies than for
faint ones. To make this observation quantitative, we
re-compute the MD relation for this fainter galaxy pop-
ulation. However, for the comparison between the bright
and faint samples to be meaningful, we need to have a
common estimate of local density Σ10 for the two sam-
ples. What we need is a measurement based on the same
galaxy background. We therefore re-estimated the MD
relation for the brightMV < −20.27 sample, but now us-
ing the surface density Σ10 computed using all IAB < 24
galaxies within the usual ∆z = ±0.12 redshift slice. The
result is shown as a dashed line in Figure 12, with the
solid line repeating the original relationship from Fig-
ure 9. The comparison of these two curves shows that a
similar MD relation for bright galaxies is consistently de-
tected even if galaxies of all luminosities are used in the
computation of the background density. We can there-
fore compute the MD relation of the faint sample with
respect to this same background, that is is shown by the
bottom dotted line. Its shallower slope indicates how
the MD relation (at z ≃ 0.73) is weakened for galaxies
fainter than Dressler’s limit of MV = −20.27. The sim-
plest interpretation of this plot is that luminous (mas-
sive) early-type galaxies tend to dominate high-density
regions much more than less massive spheroidal objects.
The latter constitute not more than 30% of the whole
galaxy population in the highest density bin, about half
of the fraction of luminous early-type galaxies at similar
density regimes.
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Fig. 11.— Same as Figure 4, but now comparing the galaxy distribution of galaxies fainter than Dressler’s limit (i.e. −20.27 < MV <
−18.5) to the X-ray surface brightness (grey-scale, Finoguenov et al. 2007) and the weak-lensing projected mass (contours, Massey et al.
2007) distributions. The number of blue star-forming galaxies in this faint sample and their much smoother surface distribution is evident,
especially when compared to the dominating, highly-clustered population of luminous spheroidals in Figure 4.
It is also interesting to test the sensitivity of the MD
relation to the level of brightening assumed for Dressler’s
absolute magnitude threshold. Figure 13 shows the re-
sult of selecting samples which are respectively 0.6 (our
standard choice), 1.0 and 1.4 magnitudes brighter than
Dressler’s local value. As we have discussed in § 3.1,
there is some level of ambiguity in choosing how this lu-
minosity cut-off evolves with redshift and our choice of
∆MV = −0.6 is based on the observed mean brightening
of M∗ from the VVDS (Zucca et al. 2006). Figure 13
shows that in fact even for a brightening of 1 magnitude,
the measured relation does not change significantly. Sec-
ondly, the plotted curves show that only when consider-
ing galaxies brighter than MV < −21.7, the fraction of
early-type objects at densities Σ10 = 100 Mpc
−2 equals
that measured at z = 0 for MV < −19.67.
5. EVIDENCE FOR AN INFLUENCE OF CLUSTER ICM
PHENOMENA ON GALAXY MORPHOLOGY
The results obtained in the previous section confirm a
strong MD relation within this large-scale structure at
z ≃ 0.73, with a lower fraction of early-type galaxies
than at z = 0, in agreement with other recent work at
high redshift (Smith et al. 2005, Postman et al. 2005).
In Figure 14 we show the ACS image of the central re-
gion of the main cluster of galaxies, centred on the X-ray
emission peak seen in Figure 7. A sufficiently precise
location can be recognized by comparing the X-ray con-
tours in the two figures (allowing for small changes in
their shape due to differently calculated backgrounds in
the two plots). Immediately at first sight, one notices a
surprising number of disk galaxies dominating the galaxy
population in this area. Most of these objects have in-
deed a photometric redshift that places them within the
cluster and their distribution is clearly asymmetric with
respect to the cluster X-ray surface-brightness. Rather,
they tend to concentrate on the eastern side, in the same
region where the steep gradient in the X-ray profile and
the negative jump in the temperature map (§ 3.3) are
found, suggesting a shock in the ICM. Over this area,
clearly a high-density region, the MD relation seems to
have reversed. The visual impression is confirmed by our
quantitative morphological classification, that confirms
the high fraction of late-type galaxies in this specific sub-
area of the structure, also when considering objects above
Dressler’s absolute-magnitude cut (about two-thirds are
brighter than −20.27). This area is not large enough,
however, to significantly impact the MD relation mea-
sured over the entire structure.
6. SUMMARY AND DISCUSSION
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Fig. 12.— The morphology-density relation at 〈z〉 = 0.73 for
bright and faint galaxies, quantifying the visual impression from
Figure 11. The red dashed curve reproduces the result of Figure 9,
i.e. the MD relation for luminous galaxies with MV < −20.27
(Dressler’s limit at this redshift). The solid curve gives the same
quantity, for the same luminous galaxies, but now using all objects
in the IAB < 24 magnitude-limited sample as neighbours in the
computation of the local density Σ10 (this is necessary as to be able
to compare bright and faint galaxies on a consistent basis). Finally,
the dotted blue curve shows the MD relation for intrinsically faint
galaxies with −20.27 < MV < −18.5, again using the whole sample
to estimate local density.
Fig. 13.— Dependence of the measured MD relation on the abso-
lute magnitude threshold of the galaxy sample analyzed (and thus
on the mean brightening assumed with respect to the z = 0 mea-
surement) . ∆m = 0.6 (lower curve) corresponds to our standard
choice, adopted to obtain the results presented throughout the pa-
per, that has been chosen to be consistent with the latest results
on the evolution of the luminosity function from the VVDS sur-
vey (Zucca et al. 2006). Note how (1) the measured MD relation
is robust even for brightening as large as 1 magnitude; (2) only
when considering galaxies brighter than MV < −21.7, the fraction
of early-type objects at densities Σ10 = 100 Mpc−2 equals that
measured at z = 0 for MV < −19.67.
Fig. 14.— HST-ACS zoom over the X-ray peak, in the area
where the steep gradient in the X-ray surface distribution and the
“hot spot” in the temperature map are evidence for a shock in the
ICM. Note the unusual concentration of disk galaxies specifically
in this region.
The results obtained in this paper can be summarised
as follows:
• We have identified a large-scale structure at z ≃
0.73 in the COSMOS survey area, based on a
number of independent probes of the density field.
The surface density distribution of galaxies selected
by photometric redshifts, weak-lensing mass recon-
struction and X-ray surface-brightness distribution
show a remarkable agreement in the overall struc-
ture, despite their different selection functions.
• We have produced different mass estimates of the
dominant cluster of galaxies, using both weak lens-
ing and X-ray emission. Over an aperture of 100
arcsec, the mass from weak lensing is 1.10+0.22−0.24 ×
1014 M⊙, while the X-ray mass to r500 = 84 arc-
sec is M500 = 1.69
+0.58
−0.38 × 10
14M⊙. The similarity
of these two values within similar apertures is en-
couraging, especially considering the non-full equi-
librium status of the ICM suggested by the evi-
dence for ongoing merging. We have also estimated
the total cluster mass by fitting a NFW profile to
the radial shear field, obtaining a best-fitting mass
MNFW = (6± 3)× 10
15M⊙.
• The existence of an ongoing major merger between
two sub-clusters is strongly suggested by the tem-
perature map that shows a significant “ridge”, with
TX rising to ∼ 10 keV in the internal region, with
respect to a global measurement of ∼ 3.51 keV.
This scenario is consistent with the observed X-
ray surface brightness distribution, where a steeper
edge is visible on the eastern side of the cluster.
• We have measured the morphology-density rela-
tion at 〈z〉 ≃ 0.7 for a sample of more than 1200
galaxies brighter than MV = −20.27. The result-
ing relation is quite robust with respect to our
choice of the photometric-redshift slice including
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the structure. It shows a steeper slope with re-
spect to the z = 0 relation, with about half the
fraction of early-type galaxies in low-density envi-
ronments, but more than 70% of the local value
within high-density regions. This agrees with gen-
eral predictions of hierarchical clustering models
(e.g. Benson et al. 2001), in which the population
of early-type galaxies in the highest density peaks
is established at proportionally older epochs. How-
ever, our measurements for densities smaller than
∼ 10 − 30 Mpc−2 have to be treated cautiously,
given the comparable value of the background cor-
rection (see Appendix). For larger values, how-
ever, the good agreement with recent independent
high-redshift estimates is remarkable, indicating a
reduction in the fraction of early-type galaxies at
z ∼ 0.7 to ∼ 75% of the value seen in the local
Universe.
• We have explored the general behaviour of the MD
relation at magnitudes fainter than the standard
value (−20.27 < MV < −18.5), finding a signif-
icantly weaker relationship that corresponds to a
reduction by a factor of more than two in the frac-
tion of early-type galaxies in the highest density
bin, between the luminous and faint sample. This
trend is generally consistent with predictions from
semi-analytic models (Benson et al. 2001). Con-
versely, our measured “standard” MD relation for
luminous galaxies is shown not to be too sensitive
to increasing the assumed intrinsic brightening of
galaxies up to ∆MV = 1 (i.e. for a sample brighter
than MV ∼ −20.7). To actually match the frac-
tion of early-type galaxies measured at z ∼ 0 for a
density Σ10 = 100 Mpc
−2, one needs to select only
very luminous objects withMV < −21.1, i.e. ∼ 1.4
magnitudes brighter.
• We detect a clear example of how large-scale en-
vironmental processes such as the merger between
groups and sub-clusters indeed affects the galaxy
population, at least in its apparent morphology. In
fact, slightly offset with respect to the centre of
the main cluster, an unusual number of disk galax-
ies is found, coinciding with the colder side of the
possible shock front detected in X-rays. Several
of these galaxies are brighter than Dressler’s limit
and thus do display an “inverted” MD relation over
this region. Due to the relatively small area of the
shock, however, they do not affect in a significant
way the global morphology-density trend measured
over the whole structure. The natural interpreta-
tion of these combined optical and X-ray observa-
tions is that star formation has been switched-on
(or enhanced) in these galaxies during the large-
scale merger between two sub-units, currently mix-
ing together to form the central cluster. To our
knowledge, this is the first time that a direct link
is observed in a high-redshift cluster between the
actual morphology of galaxies (not only the color
or spectroscopic properties) and a large-scale shock
happening in the ICM surrounding them. It is par-
ticularly fascinating to see so many clear, bright
disks inside a cluster at this redshift. This implies
that disks with a significant reservoir of fresh, un-
processed molecular hydrogen had to be present in
these galaxies before the merging event, and have
become visible due to the burst of star-formation.
A connection between the color or star-formation
rate of galaxies and a merging event has been advo-
cated in the past to explain the properties of galax-
ies in merging clusters. For example, in the core of
the Shapley supercluster, where galaxies at the in-
terface of two merging clusters are found to have
bluer colors (e.g. Bardelli et al. 1998). Similarly,
Ferrari et al. (2005) observe an increased fraction
of emission-line galaxies in the region separating
the two sub-clusters of A3921, and interpret them
as related to the ongoing merger. Even closer to the
situation observed here, where we find evidence for
a merger between two sub-clusters that seems to
have consequences on the galaxy population, is the
case discussed in Sakai et al. (2002), Gavazzi et
al. (2003) and Cortese et al. (2006). These works
discuss the discovery and properties of a conspicu-
ous group infalling into the cluster A1367 at 1800
km s−1, in which twelve members (two giant and
ten dwarf galaxies) are simultaneously undergoing
a conspiquous burst of star formation. This is in-
terpreted as having been produced either by tidal
interaction among the member galaxies or by ram-
pressure by the ICM related to the high-speed infall
into the cluster.
In the near future, new multi-wavelength observa-
tions of the COSMOS field will allow us to explore
in more detail the nature of the spiral galaxy pop-
ulation in this distant cluster and their interaction
with the ICM. In particular, Chandra imaging will
reveal the details of the shock in the hot gas, while
data from IRAC and MIPS on board of the Spitzer
satellite, will explore directly the star formation
properties and stellar ages in the spiral galaxies.
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APPENDIX
ROBUSTNESS AND ACCURACY OF LOCAL DENSITY ESTIMATES
To assess how well we are able to reconstruct local densities using our photometric redshift catalogue, we performed a
series of tests using one of the mock COSMOS surveys constructed by Kitzbichler & White (2006) from the Millennium
Simulation. The sample we used was tailored as to reproduce the geometry and selection function of the Subaru data
used for the present paper, i.e. essentially IAB < 24 for the global sample andMV ≤ −20.27 for the volume-limited sub-
sample with z = [0.61, 0.85]. We obtained very similar results for both the volume-limited and full magnitude-limited
samples. We show here the results from the latter, where we have better statistics.
We simulate photometric redshift errors by smoothing the true redshifts with a Gaussian kernel with σz = σ0(1+z),
where σ0 = 0.03, i.e. consistent with our estimates from the actual COSMOS survey (Mobasher et al. 2007). We are
aware that the redshift error distribution is probably not very well described by a Gaussian, but based on a number
of tests using different σ0, we have seen that this assumption does not affect our conclusions. At the position of each
galaxy, we shall compare the surface density value estimated from this simulated photometric-redshift sample to the
corresponding spatial density measured in 3D.
In Figure 15 we plot the normalized differences between our projected density Σ10, defined as in § 3.1, and estimated
from the “photo-z” sample and the “true” density measurement one would obtain with perfect knowledge of galaxy
positions in space. The latter is measured analogously to Σ10, but in three-dimensions, i.e. as ρ10 = 10× 3/(4πr
3
10),
and then renormalized to obtain the corresponding 2D quantity, Σ10 = α × ρ
2/3
10 , where α = 1.76 is the geometrical
factor that accounts for the projection, assumuing that only galaxies within the original 3D sphere are involved. The
left panel uses the measurements without subtracting the mean background, while the right panel shows the complete
background-subtracted estimates, as done on the real data. As evident, this operation is crucial to reduce the large
background offset introduced at small values of the density by the very thick slice used to compensate for the large
redshift-space blurring. The solid line gives the expectation values of the measured statistics, computed as the median
Galaxy morphology and large-scale structure at z ∼ 0.7 15
Fig. 15.— Relative difference between projected densities Σ10 estimated as discussed in § 3.1 from a “photometric-redshift” mock sample
and the “true” densities one would measure with full knowledge of 3D galaxy positions in the same sample. The true density is converted
into a projected density as indicated. The left panel shows the comparison without the background subtraction described in § 3.1, while the
right panel shows the complete background-subtracted estimates, as done on the real data. The solid line gives the median values within
bins of constant logarithmic size in true density, while the dotted lines enclose the 68.3% confidence interval around this value.
value within bins of size ∆(log(αρ
2/3
10 )) = 0.4, spaced by the same amount along the X axis. The two dotted lines
describe the 68.3% confidence interval around this.
These plots indicate first of all that the subtraction of the background is important to reduce the bias of our estimator:
after the subtraction, the systematic error of our measurements is consistent with zero down to local density as small
as Σ10 = 3 gal h
2 Mpc−2 (although the probability distribution would still favour over- rather than under-estimates).
The scatter is clearly very large at these low densities, however already a galaxy living in an environment characterized
by 10 gal h2 Mpc−2, has a 68.3% probability of being assigned a density between 0 and 30 gal h2 Mpc−2. Even better,
at densities of 50 gal h2 Mpc−2, the 68.3% error corridor extends between -0.5 and ∼ +0.8, so the estimated density
will range between half this value, 25 gal h2 Mpc−2, and 1.8 times it, i.e. 90 gal h2 Mpc−2. The consequence of
these errors on our estimate of the MD relation (Fig. 10), is basically that of making the three lowest-density bins at
Σ10 ≤ 10 h
2 Mpc−2 strongly correlated, shuffling galaxies among them (consistent with the nearly flat values found at
these regimes). However, above this value the errors are smaller than the bin size used to estimate the MD relation.
These results confirm and corroborate the indications derived in § 3.1 from the stability of our estimates as a function
of the slice thickness. Together with the similar analysis in the companion paper by Capak et al. (2007), they indicate
that current COSMOS photometric redshifts can be safely used to estimate local projected densities for densities
Σ10 > 5− 10 h
2 Mpc−2. Albeit limited in their scope, they also provide in general a significantly more optimistic view
of the ability of photometric-redshift surveys to study enviromental effects, at least in the regime of densities where
Σ10 > 10 h
2 Mpc−2, with respect to the general conclusions of previous works (e.g. Cooper et al. 2005).
